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Abstract 

Hybrid inks formulated using silver nanoparticles with graphene or graphene oxide 

(GO) have been of significant interest in development of conductive inks for 

manufacturing of flexible devices and systems. So far all of the methods for 

synthesizing these inks are based on a two-step process using silver nanoparticles. 

Herein, we report an Ag/rGO hybrid ink formulated by a one step method through a 

complexation-covalent bonding process of silver acetate and ethanolamine together with 

reduced graphene oxide (rGO). Successful dispersion of rGO in the alcohol based 

solvent was achieved by decorating rGO platelets with ethanolamine. The synthesized 

ink was just composed of 13.5 wt % of silver and 0.1wt% rGO but has a favorable 

electrical performance. A remarkable improvement of resistivity by a factor of above 200 

has been observed in Ag/rGO films sintered at 150 °C as compared with that of the Ag 

films produced using the same formulation and thermal treatment process, while a factor 

of 10 was observed at 165°C. The enhancement of conductivity was significant up to the 

sintering temperature of 230 °C beyond which the difference between the Ag/rGO and 
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Ag films are negligible. The increase of conductivity in Ag/rGO films at low 

temperatures was attributed to the role of rGO platelets in forming bridges to facilitate 

charge transfer between the silver particles. 

Keywords: Silver; graphene, ink; electrical properties; microstructure; film 

1. Introduction 

Flexible electronics is a rapidly expanding research area covering the development 

of a wide range of electronic and energy storage devices as well as systems such as 

touch screens,1 sensors,2 field-effect transistors,3 photovoltaic cells,4 light-emitting 

diodes5 and electrochemical energy storage systems.6 The market for flexible electronics 

has been estimated to exceed $300 billion over the next 20 years.7 Clearly, flexible 

electronics will play a major role in future electronic devices and systems in the coming 

decades.  

Conductive inks have been of significant interest in the manufacture of flexible 

electronics for cost-effective fabrication of conductive tracks and functional devices by 

a variety of deposition methods such as such as inkjet, screen, flexographic, or gravure 

based printing methods. Numerous kinds of conductive ink with different fillers 

including polymers,8 carbon nanotubes,9,10 graphene11 and metal nanoparticles or 

organic metal complexes,12-40 have been developed for flexible electronics applications. 

Among these, silver inks have attracted significant attention due to their good electrical 

conductivity and strong anti-oxidant characteristics compared with copper inks. Several 

kinds of silver inks with nano-silver particles as fillers or organic silver fillers have been 

developed and used in the formation of conductive traces.12-20  
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With high charge carrier mobility, superlative thermal and chemical stability and 

intrinsic flexibility, graphene is considered to be a very promising ink material.41 

Although high quality graphene can be fabricated by versatile synthetic routes 

(bottom-up or top-down process),42-48 pristine or pure graphene still shows poor 

solubility in common solvents such as water, which is not ideal for formulation of 

conductive inks. Graphene oxide (GO) is a favorable candidate due to its good solubility 

and can be easily formulated into inks. But the electric conductive of GO is poor and 

usually require an additional reduction process (chemical or photo or thermal) to make 

the ink tracks conductive, which has cost and safety implications.  

Reduced graphene, or rGO is the reduction derivative of GO and has similar 

electrical, thermal and mechanical properties compared with the pristine graphene.  In 

addition, rGO contains some residual defects and organic groups on its surface, which 

are easily functionalized for different applications. These characteristics make the rGO 

an ideal ink material for flexible electronics compared to pure graphene. However, the 

conductivity of films from rGO inks is usually low. Also, solvents used to disperse the 

poor hydrophilic rGO, such as N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone 

(NMP), dimethyl sulfoxide (DMSO), are not environmentally benign.  

Recently there has been a significant interest in the development of hybrid inks 

from graphene or its derivatives decorated with silver nanoparticles. Li et al. prepared 

inks of Ag and rGO, one based on a mixture of Ag nano-triangle particles (NTPs) and 

rGO platelets, and the other containing polyhedral Ag and rGO nanoparticles.49 The Ag 

NTP-rGO patterns displayed a low sheet resistance of 170 Ω/□ with a transmittance of 

90.2%. One disadvantage of this method is its final reduction process, which is too 
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time-consuming (3 hours at 110ºC in a vacuum oven after the ink printing process). Xu 

et al. prepared a hybrid conductive ink composed of Ag nanoparticles (NPs) and 

graphene-Ag nanocomposites for writing electronics.50  Zhang et al. synthesized a 

Ag/rGO composite with good conductivity and dispersibility as a conductive ink filler 

for inkjet printing.51 Multifarious regular patterns with an optimum conductivity of 

2.0103 S/m and a sheet resistivity of 0.5 kΩ/□ were fabricated using a standard 

commercial inkjet printer. Although various kinds of grapheme/silver hybrid inks have 

been created and deposited onto different substrates and conductive patterns have been 

obtained, they are still not economically feasible because of the low throughput, the 

complexity of the process as well as the utilization of toxic chemicals. To date, all of 

these inks are synthesized based on a two-step process where the silver/graphene or 

silver/rGO composites are first prepared by a complex chemical reduction process and 

are then formulated into inks. The process is not facile. Besides, the amount of ink 

produced by these methods is usually low, which limits their potential for commercial 

development. Moreover, the chemicals used for synthesizing such inks such as 

hydrazine or DMF, are not ideal because they are toxic and not environmentally 

friendly. Therefore, it will be advantageous to develop new hybrid inks using non-toxic 

solvents and a one-step synthetic method.  

In this paper, we report the first development of a one-step method for the 

synthesis of a Ag/rGO hybrid ink composed of organic silver complex and rGO. Our 

approach has the following advantages. First, the ink formulation process is only 

one-step, facile, high throughput as well as environmentally friendly, which is different 

from all the current existing methods used for synthesizing silver/rGO hybrid inks and 
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are potentially easy for industrial production. Second, the dispersion of rGO in the 

alcohol based solvent can be obtained. Third, the synthesized ink is composed of 13.5 

wt % of silver and 0.1wt% rGO but has a favorable electrical performance at low 

temperature (150°C), which not only enhances conductivity but also reduces the cost of 

the organic silver complex based inks. The thermal response of the ink has been studied 

to understand the chemical changes in it. The formation and conductive mechanism of 

the rGO/Ag films from the ink were investigated, including the sintering temperature, 

time and the degree of interaction between the Ag particles. As shown later, our work 

shows that significant improvement of conductivity, by more than a factor of 200, can 

be obtained compared to the Ag films sintered at the same temperature of 150 ºC. The 

resistivity of the Ag/rGO films is consistently lower than that of the Ag films at 

sintering temperatures up to 230 ºC. A model for the mechanism of conductivity 

enhancement in Ag/rGO films has been proposed.  

2. Experimental Section 

2.1 Materials  

Silver acetate, ethanolamine, ethylene glycol, ethanol and oleic acid were obtained 

from Sigma-Aldrich and were used as received without further purification. The rGO 

powder was supplied by Graphenea and was produced by chemical reduction of 

graphene oxide. The size of the rGO platelets is in the range of 260-295 nm. The BET 

surface area is 422.69-499.85 m2/g. The solubility is below 0.1 mg/ml in NMP, DMSO 

and DMF. The conductivity is above 600 S/m. The chemical compositions are: C 

(77-87%), H (0-1%), O (13-22%), and N (0-1%). The polyimide (PI) substrate was a 

Kapton film from DuPont (500 HN, 127 µm in thickness). For surface modification, PI 
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films of (15mm15mm) were cleaned with ethanol and de-ionized water to remove 

particles and organic contamination prior to the surface modification process.  

2.2 Synthesis 

The silver/rGO ink was prepared using a modified process of the previous work17 

to study the effect of rGO on the conductivity of the resultant films and to reduce the 

amount of silver in the film thus reducing the ink cost in electronic applications: rGO 

powder (6 mg) was first dispersed in 5 ml of a mixed solvent containing ethanol (2 ml), 

ethylene glycol (2.85 ml) and oleic acid (0.15 ml) by sonication for 30 min, and then 

silver acetate (1.6g) was added into the solution. After stirring for 10 minutes, 

ethanolamine (1.2 ml) was added. The mixture was stirred for 60 minutes to form the 

ink. It is useful to note that the appearance of the solution changed, from the initial 

suspension to a homogeneous solution. For comparison of the electrical performance of 

films with rGO, Ag films were obtained using the same ink formulation but without 

rGO and were produced using the same deposition and sintering processes. 

2.2 Ink deposition and sintering  

For surface modification, the PI films were processed in an alkaline solution 

containing 10% sodium hydroxide at 30 C for 60 minutes. Then, the Ag/rGO ink was 

deposited on the modified PI films by a drop-coating method, and sintered at selected 

temperatures for up to 60 minutes. The film thickness was controlled by the volume of 

ink solution deposited onto the PI film. 

2.3 Characterization 

UV-vis spectra were obtained on an EV300 UV-vis spectrophotometer. Fourier 

transform infrared spectra in the range of 400 – 4000 cm-1 were recorded on a Perkin 
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Elmer Spectrum 100 FT-IR spectrometer. The thermal profile was measured under 

nitrogen atmosphere by differential scanning calorimetry (DSC, TA instrument) at a 

heating rate of 10 °C min-1 from room temperature to 300 °C. The crystalline structure 

of the Ag/rGO films was measured by X-ray diffraction (XRD) using Cu Kα and 

λ=0.15418 nm. The surface morphology of the Ag/rGO films was obtained on a Leo 

1530 VP Field Emission Scanning Electron Microscope (SEM). The chemical 

composition was determined on an Oxford X-maxN 150 surface energy disperse 

spectrometer (EDS). The sheet electrical resistivity was measured using a multi -height 

probe station (Jandel Engineering, UK) with tungsten probe tips of 1mm of spacing and 

60 g of maximum force. The thickness of the sintered films was measured using a Zygo 

View 5200 white light phase shifting interferometer and was used to calculate the 

equivalent bulk resistivity.  

3. Results and discussion 

3.1 Ink Chemistry 

The ink was formulated through a complexation-covalent bonding process of silver 

acetate and ethanolamine together with the nano rGO. Silver acetate was chosen as the 

silver precursor since this compound has poor solubility in the solvent medium (alcohol 

in this case) and so the reaction rate can be controlled. Ethanolamine was used to  

increase the silver content of the ink to improve film deposition efficiency, decrease the 

sintering temperature39 as well as to improve the dispersibility of rGO in the solvent. 

rGO was used to study its effect on the conductivity of the resultant Ag/rGO films and 

to reduce the amount of silver in the film thus reducing the ink cost in electronic 

applications. Ethanol was used to adjust the surface tension of the ink and ethylene 
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glycol was chosen as a low reduction agent and a co-solvent with a high boiling point to 

suppress the undesirable coffee ring effect in film deposition. 

The chemical reaction mechanism leading to formation of the Ag/rGO ink is 

described below. The lone pair of electrons on the nitrogen of ethanolamine can 

coordinate with silver acetate to form a silver organic complex, at room temperature, 

which has good solubility in alcohols due to the presence of OH groups (Equ.1). 17 At 

the same time ethanolamine can react with the rGO to yield rGO decorated with amino 

group; the latter has better dispersibility in alcohols due to the effects of electrostatic 

repulsion and volume exclusion between the decorated rGO sheets(Equ.2). 

        
222232223 2 OHCHCHNHCOOAgCHOHCHCHNHCOOAgCH        (1) 

                  (2) 

In order to verify the interaction between rGO and ethanolamine, UV-vis spectra 

and FT-IR spectra were obtained for dispersions of rGO and rGO/ethanolamine in 

ethanol. As showed in Fig.1, the rGO dispersion shows a typical absorption peak at 264 

nm, as reported in previous work.52 This absorption peak is attributed to the n-π* 

transition of C-O bonds on the surface of rGO. However, in the presence of 

ethanolamine, the absorption is slightly red-shifted from 264 to 270 nm, indicating that 

some new groups were introduced on the rGO surface and possibly due to the 

interaction with ethanolamine. The inset figure is the optical microscopy image of these 

two kinds of dispersion after 10 minutes’ standing. Obviously, the stability of 
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rGO/ethanolamine dispersion is better than that of pure rGO dispersion where rGO has 

gathered at the bottom of the glass bottle. 

Fig.2 shows the IR spectra of rGO powder dried from the dispersions of rGO and 

rGO/ethanolamine in ethanol. It can be seen that several new peaks are visible in the 

sample with ethanolamine. The broad bands between 3100 and 3700 cm-1 are attributed 

to the vibrations of O-H and N-H. Two peaks at 2933 and 2870 cm-1 were attributed to 

the asymmetric and the symmetric CH2 stretch, respectively. The broadening of the 

band at 1645 cm-1 can be assigned to –CONH- vibrations, indicating formation of a 

covalent bond of ethanolamine with rGO surface. The peak at 1430 cm-1 and 1350 cm-1 

indicates in-plane bending vibrations of the methyl group. The C-O stretching vibration 

is at 1055 cm-1. All of the differences show that the ammonium groups from 

ethanolamine can react with the rGO surface, thereby resulting in its good dispersibility 

in a hydrophilic solvent. It has been shown in the previous study of functionalization of 

graphene with ethanolamine that the latter can react with the hexatomic rings of 

graphene oxide through covalent bonding, in our case it should be with the hexatomic 

rings of rGO53.   

In order to determine the initiative chemical reactions temperature of the ink, the 

UV-vis spectra were obtained after the ink was heated up to different temperatures. 

Once the ink was heated, the complex chemical reaction occurred between the various 

components, from graphene/silver complex to graphene/silver composites, which will 

also be explained in the subsequent text. Fig.3 shows the results of UV-vis. 

measurements. At temperatures below 120C, there is only one absorption peak 

associated with the silver carboxylate-amine complex, which is at 217 nm. However 
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after the ink was heated to 120C the absorption spectrum is very different, the peak at 

217 nm disappears and a weak peak at 303nm is observed. This peak is associated with 

silver nanostructures but different from conventional silver nanoparticles.54 Based on 

these results and the previous work,17 it can be deduced that the ink underwent 

simultaneous change of solvent components and reduction of silver ion complex at 

elevated temperatures and in the process ethylene glycol changes to acetaldehyde and 

triggers the reduction of the silver complex. This is the initiation of the conversion 

process from the deposited ink film to the formation of conductive Ag/rGO film after 

thermal sintering.  

3.2 Thermal behavior of the Ag/rGO inks 

DSC analysis was carried out to investigate the thermal decomposition behavior of 

the as-prepared Ag and Ag/rGO inks as shown in Fig. 5 (as the amount of rGO in the 

ink is very low, we did not test its thermal decomposition behavior). The two 

endothermic peaks, at 60 C and 120 C, are related to the evaporation and 

decomposition of the solvents. The third endothermic peak at about 165 C is attributed 

to the formation of elemental silver,27 which is much lower than the decomposition 

temperature of the silver acetate powder. This is because the lone pair electrons of the 

nitrogen atoms of ethanolamine can effectively combine with the silver to form a 

silver-amine complex with a lower redox potential which determines the decomposition 

temperature. This is similar to the thermal behavior of other silver salt based inks 27 and 

it is also consistent with our previous analysis of the results in Fig.3. 

3.3 Microstructure of the Ag/rGO films 
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Ag/rGO films were produced by drop-coating of the ink on the modified PI 

substrates. The sintering process was carried out on a hotplate in a chamber. Based on 

the DSC results and UV-vis analysis of the ink, we used temperatures between 135 C 

and 245 C for thermal sintering. Fig. 5 shows the as-prepared Ag/rGO ink, the 

corresponding optical microscopy image and surface profile of the sintered Ag/rGO 

film. It can be seen that the sintered film with an average thickness of 3±0.3 μm has 

relatively uniform surface structure, with silver nanoparticles accumulated at the centre.  

Fig.6 presents the XRD results of the Ag/rGO films sintered at different 

temperatures for 60 minutes (measured in 2θ from 25º to 85 º). The peaks of Ag at 2 

equal to 38.2º, 44.4º, 64.5º, 77.5º and 81.6º were observed in all of the films which 

indicate that the silver ions are transformed to silver crystals. The reflection peaks are 

indexed as the (111), (200), (220), (311) and (222) crystal planes of the silver 

face-centered cubic (fcc) crystal structure. The XRD characteristic of the rGO powder is 

also shown in Fig.6 (the bottom) which is a broad diffraction peak around 24º. However, 

this peak is not present in the characteristics of the Ag/rGO films which may be the 

results of the low content and diffraction intensity of rGO in the film. The peak 

intensities of the silver increased with the sintering temperature. This is because the 

increase in crystallization of the silver NPs in the film as the sintering was increased.  

The particle sizes of the silver nanocrystals in the films formed at 135 C, 165 C, 

215 C and 230 C were calculated using the Debye-Scherrer equation,39  

                         cos/89.0d                          (3) 
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where d is the particle size, λ is the x-ray wavelength (0.15418 nm), θ is the Bragg 

angle and β corresponds to the full width at half-maximum (FWHM). The results are 

given in Table 1. 

Table 1. Particle sizes of silver nanocrystals in the film at different sintering temperature 

Sintering temperature (C) 2 (Degrees) FWHM (â) Size (nm) 

135 38.155 0.396 21.01 

165 38.118 0.377 22.06 

215 38.099 0.362 22.97 

230 38.109 0.358 23.24 

 
It can be seen that the average particle size of silver nanocrystals in the film 

increases with the sintering temperature but the change is not significant.  

The SEM images of the Ag/rGO films sintered at different temperatures are shown 

in Fig.7. It can be seen that the morphology of the Ag/rGO films gradually changes with 

the sintering temperature and presented different microstructural changes. At lower 

sintering temperatures (150 C, 165 C), less silver nanoparticles were produced. These 

are relatively small (Fig.7a, b) and surrounded by organic molecules (e.g. ethylene 

glycol, Tb=197 C). The magnified images of figure 7b, indicate that the average size of 

silver nanoparticles produced is about 23nm, which is consistent with values calculated 

from the XRD data. At higher sintering temperatures (185 C, 200 C), more silver NPs 

were produced. The film seems to be made up of many layers where silver NPs were 

supported (Fig.7c). By combining information from the rGO images offered by 

Graphenea (Fig. f3), it can be deduced that these supporting layers are the graphene 

particles. In addition, it should be noted that pores and voids among the NPs became 

less and smaller at this stage, stacking density was also improved (Fig.7d). Sintering at 

higher temperatures (215 C, 230 C) made the silver nanoparticles grow forming larger 
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particles through neck connection (Fig.e2) and this further improves the stacking density 

of the film. By comparing Fig. f3, Fig. b1 and Fig. e2, it can be deduced that in the 

sintering process, silver ions were reduced into silver NPs and rGO serves as medium to  

support and bridge them.  

Fig. 8 shows the results of C/O ratio and Ag content from EDS based analysis. As 

shown in Fig. 8, the C/O ratio increases rapidly as sintering temperature was increased 

from 150 C to 200 C, indicating that the decomposition and volatilization of organic 

molecules mainly occurred at this stage. The Ag content increased from 82.76 wt% to 

86.17 wt% between 215 °C and 240 °C, this indicates that most of the organic 

molecules were decomposed and volatilized and the Ag+ ions were reduced to Ag0.  

Considering the boiling point of the ink solvents and the heat-resisting temperature 

of PI substrates, we selected 230 C as the sintering temperature to study the effect of 

sintering time on the microstructure of the silver films. The samples were obtained by 

sintering the ink layers on modified PI substrates for 5, 15, 30, 45 and 60 minutes and 

were evaluated by SEM and XRD methods.  

Table.2 Particle sizes of silver nanocrystals in the film sintered at 230C for different time 

Sintering time (min ) 2 (Degrees) FWHM (β) 
Size 

(nm) 

5 38.035 0.368 22.59 

15 38.040 0.365 22.80 

30 38.056 0.360 23.11 

60 38.109 0.358 23.24 

 

As shown in Fig.9, silver ions could be transformed to silver crystals within 5 

minutes. With the increasing sintering time, the peak intensity also increases, indicating 

that more metallic silver was formed. The particle sizes of silver nanocrystals in the 
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films were calculated using equation (1) and the results are shown in Table 2. As shown 

in Table 2, the increase in particle size is very small.  

The SEM images in Fig. 10 show the microstructures of Ag/rGO films produced 

using different sintering times. Significant differences in the morphologies of Ag/rGO 

films can be observed. When the sintering time was 5 minutes, silver nanoparticles were 

produced but still surrounded by organic molecules (Fig. 10b). Besides, there are many 

holes in the film and it is not uniform (Fig. 10a). When the sintering time was increased, 

more silver particles were generated (Fig. 10c). More particles were in contact  and the 

stacking density was improved due to the evaporation of the solvents and decomposition 

of the organic silver complexes (Fig. 10d). When the sintering time was further 

increased to 60 minutes, even more silver nanoparticles were produced and formed a 

dense structure (Fig. 10e, f).  

The chemical compositions of the Ag/rGO films sintered at 230 C for 5, 15, 30, 45 

and 60 minutes were studied by EDS. The results are shown in Fig.11. Clearly, three 

elements (C, O, and Ag) were found to exist in the films which originated from the 

chemical elements in the ink. As the sintering time was increased from 5 to 60 minutes, 

the Ag content increased from 80.16 wt% to 86.17 wt%, the content of C decreased 

from 11.44 wt% to 7.98 wt% while the oxygen decreased from 8.4 wt% to 5.85 wt%. 

The results indicate that more metallic silver nanoparticles were formed and organic 

molecules were decomposed and volatilized. The small amount of organic residue may 

be from the OA (Tb=360 ºC).  

Based on the composition of the ink, the percentage of COA in the ink can be 

calculated as 1.31%. Using the above EDS result of 7.98% for carbon in the films 
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obtained at 230 C for 60 min sintering, the amount of C from the other chemicals in the 

solvents and rGO in the sintered film is estimated to be 6.67%. Since the amount of rGO 

in the ink is very small, so the carbon in the sintered film is mostly from the organic 

residues associated with the solvents. This is similar to the results reported previously 

for the sintered silver films from an organic silver ink which showed carbon content of 

4.29 wt% in the sintered silver films18. This may also be one of the reasons why the 

electrical properties of the ink based silver films are not as good as that of the bulk 

silver.  

Based on the DSC, UV-vis, SEM and EDS results, it can be deduced that, during 

sintering process, the films underwent a series of processes including solvent 

evaporation, reduction of silver ions and neck connection of the silver nanoparticles 

during the sintering process. 

3.4 Electrical and flexible performance  

For comparison of the electrical performance of films with rGO, Ag films were 

obtained using the same ink formulation but without rGO. The Ag films were produced 

using the same deposition and sintering processes for the Ag/rGO films. The resistivities 

of the Ag and Ag/rGO ink films were calculated from the measured sheet resistance and 

film thickness using the following equation,  

                            tRs                           (4) 

where ρ is the resistivity, Rs is the sheet resistance of the Ag or Ag/rGO film, t is 

the average thickness of the Ag and Ag/rGO film which was measured to be about 3±0.3 

μm. To be precise, the sheet resistance of each sample was test at least three times and 

took the average. 
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Calculated resistivity values for the Ag and Ag/rGO films are plotted in Fig.12 as a 

function of sintering temperature. In both cases the resistivity decreases rapidly by 

several orders of magnitude as the sintering temperature was increased from 150 °C to 

245 °C. The resistivity of the Ag films decreased from 188.75 Ω·cm to 1.7810-5 Ω·cm, 

while the resistivity of Ag/rGO film decreased from 0.728 Ω·cm to 1.4710-5 Ω·cm. 

Below 150 °C, the resistivity is very high and is beyond the sensitivity of the 4-probe 

instrument. The Ag/rGO film has much lower resistivity than the Ag film when the 

sintering temperature is below 230 °C with the maximum enhancement by a factor of 

200 achieved at 150 °C. It is worth noting that the resistivity of the Ag/rGO film 

sintered at T < 165 °C was below 10-4 Ω·cm, which is sufficient for some applications; 

the sintering temperature is comparable with heat-sensitive flexible substrates such as 

PET. The enhancement in film conductivity will be discussed in section 3.5.  

Fig. 13 shows the effect of sintering time on the resistivity of the films at the 

sintering temperature of 230 C. The resistivity decreased by a factor of about 5 for both 

of the Ag and Ag/rGO films when the sintering time was increased from 5 minutes to 60 

minutes. However, the reduction of resistivity in the Ag/rGO film is much faster than in 

the Ag film, reaching the same value in 30 minutes as compared to 60 minutes in the 

case of the Ag film. Therefore the results highlight another advantage of using the 

Ag/rGO hybrid ink for formation of conductive tracks for electronic and energy storage 

devices and sensors.  

Apart from the electrical performance, flexibility is another import characteristic  

ink based conductor tracks, which is assessed for our samples as showed in Fig. 14. The 

cyclical bending tests were conducted on the Ag/rGO film obtained at 150C and 230C 
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(1.5cm7.5mm) on PI substrates. The test was carried out by compressing the sample 

for a given radius of curvature (r = 2 mm).55 R0 and R denote the sheet resistance of the 

Ag/rGO film before and after the bending tests. It can be seen that resistance of the film 

obtained at 230C shows a small increase after 100 times of bending, implying the films 

have good flexibility. The resistance of the film obtained at 150C doubles after the 

same number of bending. The increase in resistance may be the result of reduced contact 

between silver nanoparticles in the film (Fig.15b). 

3.5 Conduction mechanism 

It is well known that the conduction mechanisms in conductive inks are mainly 

explained in terms of two theories: the percolation threshold theory 56 and the tunneling 

effect or field emission.57 In the percolation theory, there is a dramatic decrease in 

resistivity when the particles’ content in the ink film reaches a critical value. In the 

tunneling effect, electrons in one particle can penetrate the potential barrier and reach 

the next particle within a critical separation distance. Conductive channels are formed 

before direct contact between particles. The conduction mechanism of the silver/rGO 

ink should be a combination of these two processes.  

Fig. 15 shows an illustration of intermediate processes occurring in the 

transformation of the Ag/RGO ink into a conductive film during the sintering process.  

At a lower sintering temperature (<150 C), less silver particles are produced by 

the reduction of ethylene glycol. These are likely to be surrounded by organic molecules 

such as ethanolamine (Tb=170 C) and oleic acid (Tb=360 C) and, as indicated by SEM 

images, have limited contact area (Fig. 15b) since the temperature is below the boiling 
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point of these solvents. Therefore the NPs cannot form a continuous conductive network 

and the resistivity is very high.   

When the temperature is above 150 C, more organic molecules were decomposed 

and vaporized and more silver particles are generated. The silver particles form clusters 

resulting in an improved contact and film density. Moreover, the thickness of the 

surrounding organic layer separating the silver particles is decreased, which enables the 

quantum tunneling effect to occur and electrons can cross the barrier between the 

adjacent silver particles through thermal vibration to form electron paths,58 so the 

resistivity decreases greatly (Fig. 15c). In this process, rGO platelets play an important 

role in serving as a bridge for charger transfer between silver nanoparticles, thus 

improving the conductivity of the film due to its high carrier mobility and excellent 

thermal conductivity (Fig. 15d). Therefore, the resistivity of Ag/rGO film decreases 

more drastically than that of Ag films at the same sintering temperature.  

Finally when the sintering temperature is above 200 C, the resistivity decreases 

slowly, this indicates that the percolation threshold is reached. In this case almost no 

solvent is left in the film and all Ag+ ions have been reduced to Ag0. The silver particles 

form a continuous conductive track and cover the rGO (Fig. 15e). So the resistivity of 

both films is similar and the effect of rGO is less significant at higher sintering 

temperatures.  

Within a certain range of temperature (200-500 K), an activated behavior of the 

Arrhenius type is commonly observed, 

                         T)]/(kE[σσ(T) a 00 exp                      (5) 
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where σ is the conductivity (S/cm) at temperature T (Kelvin); σ0 represents the nominal 

conductivity at infinite temperature; Ea is activation energy for the conduction process; 

k0 is Boltzmann’s constant (1.3810-23J/K). From equation (1), we can obtain:  

                           T)/(kEσσ a 00lnln                        (6) 

By plotting ln σ as a function of 1/T, the slope of the line (-Ea/k0) can be obtained and 

thus the activation energy of the conduction process in the material can be calculated. 

As shown in Fig. 16, lnσ data (from Fig. 12) follow an approximately linear trend when 

plotted versus. Using the slope of the line for each film, the activation energies were 

determined to be 2.6310-22 J and 1.7310-22 J for the Ag and Ag/rGO ink respectively. 

The results show that addition of rGO reduces the activation energy of the Ag ink 

significantly, thus reducing the thermal energy required to obtain good film conductivity 

in the sintering process. 

4. Conclusions 

A one-step method for the synthesis of a Ag/rGO hybrid ink has been developed 

based on the amino complexation and the covalent bonding process of silver ions and 

rGO. Successful dispersion of rGO in the alcohol based solvent was achieved by 

decorating rGO platelets with amino groups. The thermal response of the inks and the 

chemical reactions were studied by DSC and spectroscopic measurements. The results 

show that the ink underwent simultaneous evaporation and decomposition of solvents as 

well as reduction of the silver ion complex. Solid Ag/rGO films have been obtained 

using a drop-coating method and the subsequent thermal sintering. The effects of 

temperature and time of thermal treatment on film composition, microstructure and 

electrical resistivity have been investigated. The Ag/rGO films have much better 

javascript:showjdsw('showjd_0','j_0')


20 

electrical properties than the Ag films at lower sintering temperatures (150 - 200°C) and 

there is negligible difference above 200°C. A remarkable improvement in resistivity by 

a factor of above 200 has been observed in Ag/rGO films as compared to that of the Ag 

films after thermal treatment/sintering at 150 °C, while a factor of 10 was obtained at 

165°C. The resistivity improvement of the Ag/rGO films is attributed to the rGO 

platelets which facilitate electron transfer between the silver particles. The activation 

energies in the conduction process in Ag and Ag/rGO films have been determined and 

the values are 2.2610-22 J and 1.7310-22 J respectively.  

Although progress has been made to develop a Ag/rGO hybrid ink through a 

simple method and significant improvement of conductivity has been observed at low 

temperature (150 ºC), the obtained film conductivity at this temperature is still low for 

some applications. Therefore further research will be carried out in this area.  
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Figures Captions 

Fig.1. UV-Vis absorption spectra of rGO and rGO/ethanolamine dispersions 

Fig.2. FT-IR spectra of rGO and rGO after ethanolamine adsorption 

Fig.3. UV-Vis absorption spectra of Ag/rGO ink at different heating temperatures 

Fig.4. DSC analysis of Ag ink and Ag/rGO ink 

Fig.5. (a) As-prepared Ag/rGO ink; (b, c) Optical microscopy image and surface profile 

of the sintered Ag/rGO film 

Fig.6. XRD patterns of the Ag/rGO films sintered at different temperatures for 60 

minutes. Data shifted vertically, for clarity 

Fig.7. SEM images of Ag/rGO films sintered at 150, 165, 185, 200, 215 and 230 ºC for 

60 minutes. (inset: 1 and 2 are the corresponding magnified images of figure b and e, 3 

corresponds to the image of rGO offered by Graphenea Website) 

Fig.8. Change of C/O weight ratio and Ag content in Ag/rGO films as a function of 

sintering temperature 

Fig.9. XRD patterns of Ag/rGO films prepared with the inks after sintering at 230C for 

5min, 15min, 30min, 45min and 60min 

Fig.10. SEM images of Ag/rGO films sintered at 230 ºC for 5, 15 and 60 minutes (a, c 

and e) and corresponding magnified images (b, d and f) 

Fig.11. EDS results of Ag/rGO films formed at 230C for (a) 5, (b) 15, (c) 30, (d) 45 

and (e) 60 minutes 
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Fig.12. Resistivity variation of the deposited Ag and Ag/rGO films sintered at various 

temperatures for 60 minutes 

Fig.13. Resistivity of the deposited Ag/rGO films as a function of sintering time at 230 

C 

Fig.14. Flexibility test of Ag/rGO obtained at 150C and 230C on PI substrate (Inset is 

the schematic diagram of bending test) 

Fig.15. Schematic illustration for the conductive mechanism of the Ag/rGO 

Fig.16. Arrhenius plot of electrical conductivity 
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Fig.1. UV-Vis absorption spectra of rGO and rGO/ethanolamine dispersions (inset is the 

optical image of these two kinds of dispersion) 
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Fig.2. FT-IR spectra of rGO and rGO after ethanolamine adsorption 
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Fig.3. UV-Vis absorption spectra of Ag/rGO ink at different heating temperatures 

 

 

 

 

 

 

 

 

 

 

 



31 

 

 

 

Fig.4. DSC analysis of Ag ink and Ag/rGO ink 
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Fig.5. (a) As-prepared Ag/rGO ink; (b, c) Optical microscopy image and surface profile 

of the sintered Ag/rGO film 
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Fig.6. XRD patterns of the Ag/rGO films sintered at different temperatures for 60 

minutes. Data shifted vertically, for clarity 
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Fig.7. SEM images of Ag/rGO films sintered at 150, 165, 185, 200, 215 and 230 ºC for 

60 minutes. (inset: 1 and 2 are the corresponding magnified images of figure b and e, 3 

corresponds to the image of rGO offered by Graphenea Website) 
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Fig.8. Change of C/O weight ratio and Ag content in Ag/rGO films as a function of 

sintering temperature 

 

 

 

 

 

 

 

 

 

 



36 

 

 

 

Fig.9. XRD patterns of Ag/rGO films prepared with the inks after sintering at 230C for 

5min, 15min, 30min, 45min and 60min 
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Fig.10. SEM images of Ag/rGO films sintered at 230 ºC for 5, 15 and 60 minutes (a, c 

and e) and corresponding magnified images (b, d and f) 
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Fig.11. EDS results of Ag/rGO films formed at 230C for (a) 5, (b) 15, (c) 30, (d) 45 

and (e) 60 minutes 

 

 

 

 

 

 

 

 

 

 

 

 



39 

 

 

 

Fig.12. Resistivity variation of the deposited Ag and Ag/rGO films sintered at various 

temperatures for 60 minutes 
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Fig.13. Resistivity of the deposited Ag/rGO films as a function of sintering time at 230 

C 
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Fig.14. Flexibility test of Ag/rGO obtained at 150C and 230C on PI substrate (Inset is 

the schematic diagram of bending test) 
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Fig.15. Schematic illustration for the conductive mechanism of the Ag/rGO 
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Fig.16. Arrhenius plot of electrical conductivity 

 

 


